Abstract Jatropha curcas has been widely studied at the molecular level due to its potential as an alternative source of fuel. Many of the reports till date on this plant have focussed mainly on genes contributing to the accumulation of oil in its seeds. A suppression subtractive hybridization strategy was employed to identify genes which are differentially expressed in the mid maturation stage of J. curcas seeds. Random expressed sequence tag sequencing of the cDNA subtraction library resulted in 385 contigs and 1,428 singletons, with 591 expressed sequence tags mapping for enzymes having catalytic roles in various metabolic pathways. Differences in transcript levels in early and mid-to-late maturation stages of seeds were also investigated using sequence information obtained from the cDNA subtraction library. Seven out of 12 transcripts having putative roles in central carbon metabolism were up regulated in early seed maturation stage while lipid metabolism related transcripts were detected at higher levels in the later stage of seed maturation. Interestingly, 4 of the transcripts revealed putative alternative splice variants that were specifically present or up regulated in the early or late maturation stage of the seeds. Transcript expression patterns from the current study using maturing seeds of J. curcas reveal a subtle balancing of oil accumulation and utilization, which may be influenced by their energy requirements.
Introduction
The quest for alternative sources of fuel has gained impetus in recent times due to the dwindling fossil fuel reserves and the environmental concerns associated with the use of fossil fuel. Green plants store energy in seeds in the form of carbohydrates, proteins and lipids, making them attractive targets for the exploration of renewable and sustainable sources of cleaner fuel. However, there are questions (Tenenbaum 2008) related to food security if food crops are to be suggested for the production of biofuel. Furthermore, the process of biofuel production should consume less water and be highly energy efficient, starting from the cultivation of related crops to fuel burning in engines (Costa et al. 2010) . Jatropha curcas offers a viable alternative in this context as it is not used for edible purposes, is grown only as a fencing plant and is well-adapted to varying soil conditions. Seeds of J. curcas accumulate about 35-40 % of oil (Achten et al. 2008) in the form of triacylglycerol (TAG) and it varies according to the conditions of growth and agronomic practices (Openshaw 2000) . In spite of its potential, the major bottleneck for the improvement of J. curcas for yield and seed quality traits is the narrow genetic diversity of the germplasm Sujatha 2007, 2009; Popluechai et al. 2009; Wen et al. 2010; Yi et al. 2010) . Molecular breeding to improve seed oil yield can circumvent the problem of narrow genetic base, if genes contributing to oil metabolism in the seeds are identified.
Over the last few years we have witnessed significant advances in metabolic engineering through the application of genomics and proteomics to gain a holistic understanding of metabolic pathways (Capell and Christou 2004) . There are many examples to show the potential use of genomics to understand oil biosynthetic pathway and further transformation for increased oil content or composition in other oil seed crops especially, Brassica (Li et al. 2006) . Metabolically specialised enzymes pertaining to oil biosynthesis in J. curcas can be identified easily through EST sequencing of cDNAs prepared from seeds because mRNA clones corresponding to these enzymes could be relatively abundant. Large scale single-pass sequencing of cDNAs from different plants has provided a large repository of genes whose tissuespecific expression can be evaluated for the cloning of genes in addition to the development of markers for map-based cloning (White et al. 2000) . In J. curcas, volumes of genomic data that include the whole genome (Sato et al. 2011 ) and seed transcriptome information have been generated in the last few years (King et al. 2011) . A total of 12,084 expressed sequence tags (ESTs), from developing J. curcas seeds were sequenced and they represented genes coding for diverse biological functions (Natarajan et al. 2010) . Costa et al. (2010) reported EST sequencing based identification of genes related to oil accumulation and degradation using developing and germinating seeds of J. curcas. Global gene expression profiles of developing J. curcas seeds revealed key genes involved in the synthesis of storage lipids and proteins (Jiang et al. 2012) .
Despite the availability of such comprehensive gene expression data, our knowledge on the regulation of oil metabolism in general and J. curcas in particular is still very limited. Seed oil content is governed by quantitative trait loci (QTLs) like any other economically important trait and other contributing factors (Baud and Lepiniec 2010) including the environmental influence on the metabolism of oil in seeds. The pathway from the assimilation of photosynthates to the formation of oil in seeds could involve subtle regulation of genes that are sensitive to environmental cues, which eventually decides the fate of photosynthates. Moreover, the importance of utilisation of energy stored in lipids as the seed matures and therefore, possibly decreases in oil quantity also need to be studied. In other words, to increase oil yield in J. curcas, modulating genes downstream of final product of photosynthesis could be the right approach. In order to do this, expression levels of genes at specific stages of seed maturation in which photosynthates (source) are directed towards oil (sink) metabolism in combination with genes that regulate the utilisation of sink need to be clearly investigated. Here we report a suppression subtractive hybridization (SSH) based approach to identify differentially expressing genes in different maturation stages of J. curcas seeds that correspond to active oil metabolism. SSH is a powerful technique that enriches differentially expressing genes (Diatchenko et al. 1996) and has been used to study seed development related genes in Phaseolus vulgaris (Abid et al. 2012) . In Brassica napus, differentially expressing genes in seeds of two near-isogenic lines having different oil content were investigated using SSH. However, SSH has not been exploited thus far to study the differentially expressed genes in maturing J. curcas seeds. We also monitored the transcript expression pattern of a few central carbon metabolism, lipid metabolism and seed development related genes represented in the SSH library, in early and mid-to-late maturation stages of J. curcas seeds to understand transcript level regulation of oil metabolism.
Materials and methods

Seed material
Jatropha curcas fruits were collected from Kudankulam (8°11″0′ N 77°41″0′ E), Tamil Nadu, India. The fruits and seeds were segregated into four categories, based on morphological parameters like size and colour (Fig. 1a) : early maturation stage (JC1), early-to-mid maturation stage (JC2), midto-late maturation stage (JC3) and late maturation stage (JC4).
RNA extraction RNA extraction was done using different maturation stages of J. curcas seeds. Total RNA was extracted using a CTABguanidine hydrochloride method. Five grams of seeds were ground into a fine powder using liquid nitrogen. Thirty milliliter of hot CTAB (65°C) and 100 μl of β-mercaptoethanol were added to the powder, mixed well and incubated at 65°C for 15 min. To this 30 ml of 8 M guanidine hydrochloride was added, thoroughly mixed by shaking and centrifuged at 10,000 g for 15 min. The resultant supernatant was processed as described by Chang et al. (1993) . The quality of RNA was verified using a UV-Visible spectrophotometer (Shimadzu UV-1601). mRNA purification was done using NucleoTrap mRNA purification kit (Machery-Nagel) with 5 mg of total RNA (Fig. 1b) following the manufacturer's protocol. DNase treatment of mRNA was performed according to the manufacturer's recommendations (Ambion TURBO DNase) before cDNA synthesis was carried out.
SSH library preparation and EST sequencing
Two micrograms of mRNA were used from each seed maturation stage (JC2and JC3) as starting material for cDNA synthesis. cDNA subtraction was done using Clontech's Suppression Subtractive Hybridization (SSH) kit following the manufacturer's protocol (Diatchenko et al. 1996) with 33 and 21 cycles for primary and secondary PCR respectively. Forward subtraction was done using cDNA synthesised from seeds categorized as 'tester' from mid-to-late maturation stage (JC3) and as 'driver' from early-to-mid maturation (JC2) stage (Fig. 1c) . cDNA library was first cloned into InsTAclone T-vector (MBI Fermentas) and later used to transform chemically competent E. coli (OmniMAX 2 T1 Phage-Resistant, Invitrogen). The resultant library was plated in ampicllin selection medium, grown overnight and colonies from individual plates were scrapped on to LB liquid medium and plasmid DNA was purified using alkali-lysis method (Birnboim and Doly 1979) . One microlitre from different plasmid pools was used for retransformation of E. coli before isolating individual plasmids for EST sequencing (BigDyeTM Terminator v3.1 Cycle Sequencing Kit in 3130xl Genetic Analyzer, Applied Biosystems) of the inserts using M13 reverse primer. More than five thousand clones across plasmid pools were sequenced.
Sequence analysis
Vector sequences were removed using VecScreen (http://www. ncbi.nlm.nih.gov/VecScreen/) and ESTs were submitted to NCBI's EST database. ESTpiper (Tang et al. 2009 ) was used to perform contig analysis. Homology search, annotation and pathway mapping of the ESTs were carried out using Blast2GO (Conesa et al. 2005) . EST sequence data (3513) was submitted to NCBI's dbEST database. The sequences have been published with the accession number starting from JK610133.1 to JK613645.1.
Differential screening of SSH library
Clones for which the EST information was already obtained through blastX analysis were randomly selected for the verification of differential expression. Fifty nanograms of plasmid DNAs representing these ESTs were denatured at 95°C for 5 min and dot-blotted in duplicates. Forward and reverse subtracted cDNAs were freshly prepared with JC2 cDNA serving as 'tester' a Morphological categorization of J. curcas seed maturation stages (JC1-early, JC2-early-to-mid, JC3-mid-to-late and JC4-late); box indicates stages used in subtraction (JC3 subtracted from JC2). b Ethidium bromide stained formaldehyde agarose gel of total RNA from JC2 and JC3 seeds extracted by CTAB-guanidine hydrochloride method. c Unsubtracted (US) and subtracted (S) double stranded cDNAs. d Colony PCR of subtracted clones to verify insert size. e Plasmid dot blot of SSH library clones hybridized with forward subtracted cDNA probes. f Replica dot blot of (e) hybridized with reverse subtracted cDNA probes. Arrows indicate differentially expressed clones and JC3 cDNA serving as the 'driver' for the reverse subtraction. Fifty nanograms of the subtracted cDNAs were α-p32-dCTP labelled using Rediprime II DNA labelling Kit (GE Healthcare), denatured at 95°C and hybridized separately against duplicate blots of forward subtracted library clones. Hybridization was performed at 60°C overnight and the blots were washed twice in 2XSSC with 0.1 % SDS solution at 60°C for 10 min and 0.5XSSC with 0.1 % SDS solution once at 60°C for 10 min before autoradiography.
Semi-quantitative reverse transcription (RT) PCR
A total of 21 genes putatively representing central carbon metabolism (CCM), lipid metabolism and seed development were selected from the SSH library after differential screening to study the differences in transcript expression in the early maturation (JC1) and mid-to-late maturation (JC3) stages of J. curcas seeds. Actin from J. curcas was used as an endogenous control. Primers for the 21 selected genes were designed using sequence information of ESTs given in Table 1 . Regions in the sequence that showed high identities to Ricinus communis were considered for primer design. Total RNA was extracted from stages JC1 and JC3 as described earlier. DNase treatment was done using MBI Fermentas kit and later purified by NucleoSpin RNA Cleanup Kit (Machery -Nagel) as per the manufacturer's instructions. RNA integrity was checked on a formaldehyde gel and the concentration and purity of RNA was checked using Nanodrop-2000 (Thermo Scientific). Two micrograms of total RNA were used as template to synthesize first strand cDNA using Takara's BluePrint RT-PCR Kit (Cat #RR714A). PCRs specific for individual genes were performed using Ex-Taq HS from the same kit, following the same cycling parameters suggested by the manufacturer. The number of PCR cycles and annealing temperatures varied according to genes mentioned in Table 1 . To exclude the possibility of DNA contamination, genomic DNA isolated from J. curcas leaves and first strand cDNA of JC1 and JC3 were amplified using actin primers. The PCR products were visualised on 1.4 or 2 % TAE agarose gels.
Results
SSH library
In order to identify differentially expressing genes pertaining to oil metabolism in different seed maturation stages of J. curcas, a PCR based cDNA subtraction strategy was followed. JC2 and JC3 stages, based on our morphological observation and earlier reports (Jiang et al. 2012) corresponded to early-to-mid maturation and mid-to-late maturation stages respectively. Total RNA purified from both these stages using a modified CTAB method was of good quality (Fig. 1b) when observed on a formaldehyde agarose gel (1 %). Distinct size differences (Fig. 1c) between unsubtracted and subtracted cDNAs along with results from differential screening ( Fig. 1e and f) indicate the efficiency of subtraction. Insert size of the subtracted clones ranged between 200 bp to 1 kb (Fig. 1d) .
EST analysis and pathway mapping Random sequencing of ESTs from a plasmid library resulted in 3513 quality reads (NCBI-dbEST accession numbers JK613645.1 to JK610133.1). Contig analysis using CAP3 (Huang and Madan 1999) program through EST piper (Tang et al. 2009 ) resulted in 385 contigs and 1,428 singletons with 2,085 ESTs forming the contigs. Senescence associated proteins formed the biggest contig. Functional annotation and pathway mapping of the ESTs were performed using Blast2GO program (Conesa et al. 2005) . ESTs were categorized based on biological processes in which they were involved (Fig. 2 ), molecular functions ( Fig. 2) and as cellular components (Fig. 2) . Catalytic activity (26.03 %) and binding (28.57 %) constituted major molecular functions while metabolic and cellular (34.14 %) processes constituted major biological processes represented by the ESTs. cDNAs related to cytoplasmic (36.51 %), organellar (28.68 %) and membrane (19.36 %) proteins were the major cellular components. Metabolic pathway mapping of ESTs using KEGG (Kanehisa and Goto 2000) through Blast2GO resulted in 591 sequences that performed catalytic roles in different metabolic pathways. Twenty four percent of the ESTs mapped to the central carbon metabolism. Aminoacid metabolism was represented by 19 % of the ESTs while fatty acid and lipid metabolism related ESTs comprised of 9 % of the ESTs mapped (Fig. 3) .
Semi-quantitative RT-PCR
Expression levels of 21 transcripts representing different levels of seed maturation and metabolism were monitored in early maturation stage (JC1) and mid-to-late maturation stage (JC3). Nine transcripts were up regulated in JC3 while 7 were up regulated in JC1 (Fig. 4) . Three transcripts each were specific to JC1 and JC3 respectively. Transcript level for actin (GenBank accession HM044307.1) remained same in both the stages. Interestingly, four transcripts revealed the presence of an additional transcript in one or both the stages of seed maturation (Fig. 4f, h, l and t) .
Expression of genes related to seed development
Seed maturation protein (GenBank accession JK610508) also revealed the presence of two transcripts in JC3. The shorter transcript was specific to JC3 while the longer transcript was present in both JC1 and JC3 but up regulated in JC1 (Fig. 4t) . Transcripts for expansin (GenBank accession JK611284) and senescence associated protein (GenBank accession JK612019) showed higher levels of expression in JC3 (Fig. 4s  and u) . cDNA product for NAC transcription factor transcript (GenBank accession JK611375) was detected at very high levels in JC1 and at very low levels in JC3 (Fig. 4r) .
Expression of genes related to central carbon metabolism
Sucrose metabolism
Levels of transcripts representing two sucrose synthase ESTs (GenBank accession JK612395 and JK610705) were different in the two seed maturation stages. Expression of both these transcripts was up regulated in JC1 (Fig. 4a and b) . However, the differential expression of one of them was detected early at 24 cycles as compared to the other that was detected only at 27 cycles. Expression of UDP-glycosyl transferase (GenBank accession JK611904) mRNA was also up regulated in JC1 (Fig. 4c) .
Glucose metabolism
The longer transcript representing the aldose 1 epimerase (GenBank accession JK611352) was up regulated in JC1 while the shorter transcript of the same was up regulated in JC3 (Fig. 4l) . Transcript for the glycolytic enzyme pyruvate kinase (GenBank accession JK613331) was up regulated in JC3 (Fig. 4d) . Expression pattern for mRNA representing the Krebs cycle enzyme succinate dehydrogenase revealed two differently sized bands, each specific for JC1 and JC3 (Fig. 4f) . The level of shorter transcript expressed only in JC3 was higher as compared to that of the longer transcript observed in JC1. Two more transcripts representing Krebs cycle enzymes malate dehydrogenase (GenBank accession JK610690) and citrate synthase (GenBank accession JK611304) showed up regulation in JC1 up to 30 and 33 cycles of PCR respectively ( Fig. 4g and e) . Transcript levels for Fig. 2 Categorization of EST sequences using Blast2Go (Conesa et al. 2005 ) at gene ontology level 2 four the gluconeogenesis related enzymes were also followed in JC1 and JC3 maturation stages. Level of fructose 1, 6 bisphosphatase (GenBank accession JK612263) transcript was more in JC3 (Fig. 4k) . However, the expression of transcripts for isocitrate lyase (GenBank accession JK611473) and phosphoenolpyruvate carboxykinase (GenBank accession JK611690) was highly up regulated only in JC3 (Fig. 4i and j) . Two bands were observed for malate synthase (GenBank accession JK613240) transcript in JC3 out of which the shorter transcript was specific to JC3 (Fig. 4h) . The longer Fig. 3 Categorization of ESTs based on KEGG (Kanehisa and Goto 2000) mapping Fig. 4 Semi-quantitative reverse transcription PCR of genes in early maturation stage (JC1) and mid-to-late maturation stage (JC3) of J. curcas seeds. a-l Genes related to central carbon metabolism, m-q genes related to lipid metabolism, r-u genes related to seed development. Genes and corresponding accession numbers are detailed in Table 1 . v Amplification product at the end of 35 PCR cycles for J. curcas actin using leaf DNA (LD) as template and first strand cDNA as template for JC1 and JC3 (to test for DNA contamination). Representative figure of three independent experiments fragment was up regulated only in the mid-to-late maturation stage or JC3 (Fig. 4h) .
Expression of genes related to lipid metabolism
All the transcripts that were monitored for their expression levels linked to lipid metabolism namely beta ketoacyl-ACP synthase III (GenBank accession JK610957); oleosin2 (GenBank accession JK612128); glycerol 3-phosphate 3-phosphatidyl transferase (GenBank accession JK611945); lipid transfer protein (GenBank accession JK611370) and lipid binding protein (GenBank accession JK613519) were up regulated in JC3 (Fig. 4m-q) .
Discussion
Seed maturation is characterized by the accumulation of storage compounds in tissues, acquisition of dormancy and desiccation tolerance by the embryo, leading to a developmental endpoint in seed coat and endosperm where storage reserves are directed towards the process of germination (Baud and Lepiniec 2010) . Since seed oil metabolism is not restricted to the embryo or cotyledonous tissue and is intricately linked to the developmental and metabolic states of other tissues in seeds (Bourgis et al. 2011) , we used whole seeds belonging to two mid maturation stages for cDNA subtraction and early and mid-to-late maturation stages to monitor changes in transcript expression. A large number of ESTs were sequenced to obtain a good representation of differential transcripts, since the original library that contained about 2,000 clones was stored as plasmid pools and later used for retransformation to isolate individual clones. SSH library prepared in this study revealed a good representation of seed specific transcripts, particularly to those of metabolism and cellular processes (Fig. 2) underlining the importance of both in contributing to overall seed development (Weber et al. 2008; Wobus and Weber 1999) , which in turn determines the accumulation and fate of oil.
Transcripts related to seed development Expression of transcripts related to growth and development in early and mid-to-late seed maturation stages were monitored to understand the association of seed development and oil metabolism. Expansins (Chen and Bradford 2000) and seed maturation proteins (Rosenberg and Rinne 1988) have been found to influence seed development and the progression of a seed to seedling stage. Higher levels of expansin transcript in JC3 in J. curcas seeds may be linked to cell expansion and increase in seed size because in wheat (Lizana et al. 2010) expression of expansin genes correlated with grain size. Seed maturation protein transcript revealed two bands in the RT-PCR in JC3. Since DNA contamination of the RNA samples was ruled out due to the absence of longer actin transcript (Fig. 4v) , detection of two bands in either of the stages (JC1 or JC3) or both for four transcripts tested in the present study may be attributed to the presence of alternatively spliced variants. Alternative splicing of mRNA is an important component of post-transcriptional regulation in eukaryotes and can lead to tissue-specific expression patterns (Sugliani et al. 2010 ) and seed development (Penfield et al. 2010 ). Presence of a shorter transcript for seed maturation protein only in JC3 and up regulation of a longer transcript in JC1 clearly suggest the importance of the two putative splice variants in seed development and oil metabolism in J. curcas seeds. A complex network of transcription factors control gene expression programs necessary for seed maturation (Baud and Lepiniec 2010) . In this context, detection of very high transcript levels for putative NAC family transcription factor in JC1 indicates the importance of the same in regulating early embryogenesis as reported in Arabidopsis (Kunieda et al. 2008 ). Higher representation of transcripts related to senescence associated proteins may be attributed to the abundance of this transcript (Fig. 4u ) in later stages of seed maturation (JC3) selected for subtraction in this study. A higher level of its transcript expression observed in JC3 as compared to JC1 (Fig. 4u ) also suggests such a possibility. Our results in the present study are similar to that observed in soybean seed development (Jones and Vodkin 2013) , where senescence associated proteins were found to be abundant.
Transcripts related to central carbon metabolism
We wanted to study the transcript expression pattern of a few central carbon metabolism (CCM) genes as they represented 24 % of the ESTs sequenced from the SSH library. They are also critical for plant growth and development in addition to being responsible for the production of accessible energy and the creation of primary building blocks of other metabolisms . Up regulation of both the putative sucrose synthase transcripts identified in this study during early maturation (JC1 stage) suggests the importance of sucrose synthase (King et al. 1997; Li et al. 2006) in providing carbon for oil biosynthesis. Higher transcript level for the putative UDP-glycosyl transferase only in JC1 also indicates a key role for the corresponding enzyme in transferring (Bowles et al. 2005 ) sugar moieties from activated sugars to acceptor molecules like proteins, lipids and secondary metabolites, particularly during early seed maturation stages. Expression of seven out of twelve genes putatively involved in central carbon metabolism was up regulated in mid-to-late maturation stage (JC3). Interestingly, some of them also had putative splice variants that were either up regulated or present only in JC1, as in the case of succinate dehydrogenase (Fig. 4f) and aldose-1-epimerase (Fig. 4l) . Contrary to earlier reports in J. curcas (Costa et al. 2010; King et al. 2011; Natarajan et al. 2010; Jiang et al. 2012; Xu et al. 2011; Chen et al. 2011 ) which focussed primarily on accumulation of oil, our results suggest a complex regulation of oil metabolism, possibly involving a delicate balance between diversion of carbon to lipid biosynthesis and catabolism of storage reserves to meet energy demands during seed maturation in J. curcas. For example, up regulation of transcripts for glyoxylate cycle specific enzymes like malate synthase and gluconeogenesis related enzymes like fructose 1, 6 bisphosphatase and phosphoenolpyruvate carboxykinase in JC3 suggests a possible breakdown of lipids for energy. However, it is also possible that there is a constant withdrawal of carbon from the Krebs cycle which is anaplerotically met by the two glyoxylate cycle enzymes (Eastmond and Graham 2001) . Up regulation of gluconeogenesis related transcripts may be a result of protein or oil utilisation to generate energy for seed development or maturation as was observed in Brassica napus (Chia et al. 2005 ) embryos where catabolism was active in embryos during and after the main period of oil accumulation.
Transcripts related to lipid metabolism
Storage lipid accumulation generally occurs at the midto-late seed developmental stage (Hills 2004 ) in oilseeds, which is also the case in J. curcas (Xu et al. 2011 ). In the current study where JC3 corresponds to mid-to-late maturation stage, all the transcripts associated with lipid biosynthesis were up regulated (Fig. 4m-q) , confirming earlier observations (Costa et al. 2010; King et al. 2011; Jiang et al. 2012; Xu et al. 2011; Chen et al. 2011 ) made in the same plant. Our results from transcript expression of lipid metabolism related genes also suggest that accumulation of oil could take place simultaneously with its utilisation as the seed matures in J. curcas.
Conclusion
Differential expression analysis of seed-specific transcripts in our study clearly indicates the complexity of oil metabolism in J. curcas, where regulation of oil biosynthesis may be linked to its breakdown to meet the energy requirements of a developing seed. Therefore, it is necessary to further investigate the functional role of the genes identified in the present study in an oil metabolic network to improve oil quantity in J. curcas seeds through molecular breeding methods.
